Pulmonary arterial hypertension (PAH) is a severe complication of hereditary hemorrhagic telangiectasia (HHT); however, little is known about its clinical characteristics and prognosis. Nine newly diagnosed HHT-PAH patients were prospectively recruited between October 2007 and January 2016 and were followed up every half-year. Eighteen idiopathic pulmonary arterial hypertension (IPAH) patients, matched with HHT-PAH patients on mean pulmonary arterial pressure, pulmonary capillary wedge pressure, pulmonary vascular resistance, cardiac index, and World Health Organization (WHO) functional class (FC), were recruited. The clinical characteristics of HHT-PAH patients were described and the prognosis of these two cohorts were compared. Of HHT-PAH patients, 55.56% were WHO FC III. Kaplan-Meier survival analysis showed one-and three-year survival rates of HHT-PAH patients were 77.8% and 53.3% respectively, which were worse than matched IPAH patients (log rank: P ¼ 0.047). HHT-PAH patients had higher red cell distribution width (14.88 AE 2.93% versus 13.19 AE 0.83%, P ¼ 0.031), larger right ventricular anteroposterior diameter (34.67 AE 6.67 mm versus 28.56 AE 6.35 mm, P ¼ 0.029), and lower mean corpuscular hemoglobin concentration (317.38 AE 17.71 g/L versus 335.72 AE 14.68 g/L, P ¼ 0.011) than matched IPAH patients. Multivariate Cox proportional hazards regression analyses showed baseline total bilirubin independently predicted the mortality of HHT-PAH after adjusting by age, cardiac index, mixed venous oxygen saturation, or serum uric acid. HHT-PAH patients may have a worse prognosis than matched IPAH patients. Baseline total bilirubin may be a promising predictor for the long-term prognosis in HHT-PAH patients.
inhabitants. 3 The clinical diagnosis of HHT is based on the four Curac¸ao criteria (Table 1) . 4 Pulmonary arterial hypertension (PAH) is reported to be a rare manifestation of HHT, with prevalence of < 1% of cases. 5 Recently, it is increasingly recognized as a severe complication of HHT. There have been a few case series describing the association between pulmonary hypertension (PH) and HHT. However, most of the studies recruited HHT patients with post-capillary PH. 6 The investigations of clinical characteristics and prognosis of PAH associated with HHT (HHT-PAH) are still very limited.
A few studies have reported the beneficial treatment effect of Bosentan or the combination of Bosentan and Sidenafil on HHT-PAH patients. 7, 8 It also seems rational to treat HHT-PAH patients according to the PAH guidelines. However, clinical management experience for HHT-PAH patients is sparse as no long-term studies are available.
In this study, we aimed to describe the clinical and hemodynamic characteristics of a HHT-PAH cohort, which was confirmed by right heart catheterization (RHC), and to compare their long-term prognosis with a group of matched idiopathic pulmonary arterial hypertension patients (IPAH). In addition, we also wanted to illustrate the baseline characteristics which may predict the prognosis of HHT-PAH.
Methods
Patients who were diagnosed with HHT-PAH for the first time between October 2007 and January 2016 in Fuwai Hospital were prospectively recruited. The diagnosis of HHT was made according to the four Curac¸ao criteria. 4 The diagnosis of PAH was made in accordance with standard guidelines. 9 Clinical history, symptoms, signs, electrocardiograph (ECG), chest X-ray, transthoracic echocardiogram, pulmonary function test, high-resolution computed tomography (CT) of the chest, ventilation/perfusion scintigraphy lung scan, and pulmonary angiography (if necessary) were assessed to exclude PH due to left heart disease or lung diseases or chronic thromboembolism PH. The hemodynamic criteria for PAH included mean pulmonary arterial pressure (mPAP) ! 25 mmHg, pulmonary capillary wedge pressure (PCWP) 15 mmHg, and pulmonary vascular resistance (PVR) ! 240 dynÁsÁcm -5 measured at rest by RHC. Family HHT history was checked and additional specific diagnostic tests, including hematology, biochemistry, immunology, serology, and CT and ultrasonography of the abdomen, were performed to exclude other forms of PAH. Exclusion criteria included: (1) patients with other clinical types of PH; (2) patients who declined to participate in the study. For all HHT-PAH patients, matched IPAH patients, on cardiac index, mPAP, PVR, PCWP, and World Health Organization (WHO) functional class (FC), were recruited at the ratio of 2:1 (details about the recruitment of IPAH patients are shown in the supplementary material). Written informed consent was obtained from all enrolled patients. This study complied with the Declaration of Helsinki and was approved by the Institutional Review Board of Fuwai Hospital (ethical approval no. 402).
Clinical evaluation
Exercise capacity was evaluated by the WHO FC. The 6-min walk test was performed according to American Thoracic Society guidelines. 10 The algorithm incorporated 11 evaluable elements that were used to calculate REVEAL risk scores (RRS). 11 Data for diffusing capacity of the lung for carbon monoxide were not available for some of our patients; however, the RRS only requires 7/12 evaluable elements to maintain significant predictive power and calibration. 11 In this algorithm, calculated risks core could be in the range of 1 (lowest risk) to 21 (highest risk). For analysis of risk strata, patients were stratified into low (score 1-7), average (score 8) and higher stratum (score ! 9), based on their RRS, due to the small number of study patients. HHT-PAH and IPAH patients were also classified into low-risk, intermediate-risk, or high-risk groups according to European Respiratory Society (ERS) risk assessment. 9 
Right heart catheterization
Hemodynamic parameters including mean right atrial pressure (mRAP), mPAP, and PCWP were recorded during RHC. Cardiac output (CO) was measured by the thermodilution method (the mean value of three-time measurements). Body surface area (BSA) was calculated according to the Du Bois formula, i.e. BSA ¼ 0.07184 Â weight 0.425 Â height 0.725 .
12
Cardiac index was calculated as CO/BSA. Pulmonary vascular resistance (PVR) was calculated using the following equation: PVR ¼ (mPAP-PCWP)/CO. Diastolic pressure gradient (DPG) ¼ diastolic PAP-mean PCWP. Pulmonary vasoreactivity testing was performed inhaling Iloprost. A positive acute response is defined as a reduction of mPAP ! 10 mmHg to reach an absolute value of mPAP 40 mmHg with an increased or unchanged CO.
Endpoint and follow-up
Each patient was followed up by telephone, outpatient, or in-hospital examinations in a six-month interval. They were included in this study from the date of signing informed 
Statistics analysis
Continuous data were expressed as mean AE standard deviation (SD) and categorical data were expressed as frequency with percentage (%). Differences between the two groups were analyzed using the unpaired Student's t-test for continuous variables and Fisher's exact test for categorical variables. Univariate and multivariate Cox proportional hazards regression analyses were performed to identify independent variables associated with the endpoint. Results of these analyses were expressed as hazard ratio (HR) with 95% confidence interval (CI). Kaplan-Meier survival analyses were performed for the cumulative occurrence of endpoints. Between-group comparisons were made using the log-rank test. A value of P < 0.05 was considered to indicate statistical significance. Statistical analyses were performed using SPSS 22.0 (SPSS, Inc., Chicago, IL, USA).
Results

Baseline demographic, clinical, and hemodynamic characteristics of HHT-PAH patients
A total of 13 newly diagnosed HHT patients, who met the hemodynamic criteria of PAH, were recruited for this study. However, four HHT had increased cardiac index (!4.0 L/min/m 2 ). 13, 14 Among these four patients, three had confirmed hepatic arteriovenous malformations (AVMs), which may lead to post-capillary PH because of high CO. Therefore, in order to be more precise and exclude the possibility of post-capillary PH, we decided to remove the four HHT patients with high CI. In the end, nine HHT patients with PAH were finally enrolled, including seven women and two men. Their mean age was 33.89 AE 10.00 years and 55.56% of them were WHO FC III. Among them, seven patients had a definite HHT diagnosis and two patients had a clinical possible HHT diagnosis (Suppl. Table S1 ).
The baseline characteristics of HHT-PAH patients are shown in 
Predictive value of TBil on the survival of HHT-PAH patients
Kaplan-Meier survival analysis showed the one-and threeyear survival rates of HHT-PAH patients were 77.8% and 53.3%, respectively (Fig. 1) . Univariate Cox proportional hazards regression analyses determined that baseline total bilirubin (TBil) was a predictive factor for the primary endpoint (HR ¼ 1.067, 95% CI ¼ 1.003-1.135, P ¼ 0.041; Table 4 ). Considering the possible predictive values of age, WHO FC ! III, 6-min walk distance (6MWD), NTproBNP, pericardial effusion, mRAP, cardiac index, mixed venous oxygen saturation (SvO 2 ), and serum uric acid on the prognosis of PH patients, 9,15 these parameters were each examined with TBil using bivariate Cox proportional hazards regression analyses. Results showed that TBil still had the ability to independently predict the mortality of HHT-PAH patients after adjusting by age or SvO 2 or cardiac index or serum uric acid (Table 5) .
Comparisons between HHT-PAH and matched IPAH patients
A total of 18 matched IPAH patients were enrolled in this study and their median follow-up time was 4.36 years (range ¼ 1.79-7.90 years). During this period, three of them died because of right heart failure. Kaplan-Meier survival analyses showed that HHT-PAH patients had a worse prognosis than matched IPAH patients (log rank: P ¼ 0.047; Fig. 1 ). Comparisons between these two cohorts showed that HHT-PAH patients had higher RRS score (8.67 AE 2.29 versus 7.11 AE 1.57, P ¼ 0.048), worse 6MWD (385.00 AE 59.5 m versus 469.27 AE 62.39 m, P ¼ 0.011), larger right ventricular anteroposterior diameter (RVAPD; 34.67 AE 6.67 mm versus 28.56 AE 6.35 mm, P ¼ 0.029), wider red cell distribution width (RDW; 14.88 AE 2.93% versus 13.19 AE 0.83%, P ¼ 0.031), and lower mean corpuscular hemoglobin concentration (MCHC; 317.38 AE 17.71 g/L versus 335.72 AE 14.68 g/L, P ¼ 0.011) than matched IPAH patients ( Table 2) .
Reassessment of HHT-PAH patients after long-term specific drug therapy
Four HHT-PAH patients had detailed clinical reassessments after receiving PAH-specific drug therapy (Suppl . Table S2 ). Among them, two received Sildenafil, one received Bosentan, and one had Diltiazem because of positive pulmonary vasoreactivity result. After treatment, one patient had improved WHO FC, two remained in the same condition, and one had deteriorated WHO FC. As for echocardiographic parameters, two patients had improved RV/LV, while two showed decreased RV/LV.
Discussion
Novel findings from the present study are that: (1) we reported the one-and three-year survival rates of HHT-PAH for the first time; (2) HHT-PAH patients might have a worse prognosis than matched IPAH patients; and (3) TBil might be a promising predictor for the long-term prognosis in HHT-PAH patients.
In the context of HHT, PH is categorized into two distinct types: pre-and post-capillary PH. 5, 16 Post-capillary PH is considered to be associated with liver vascular malformations and secondary to high CO, typically after the onset of left heart failure, 5 while pre-capillary PH, which can also be called PAH in the context of HHT, is considered to be caused by pulmonary arteriopathy. HHT-PAH was thought to have largely increased PAP and PVR, increased transpulmonary gradient (TPG), decreased CO, and normal PCWP. 5 However, HHT with post-capillary PH was considered to have largely increased CO, increased PAP and PCWP, and normal TPG and PVR. 5 Recently, TPG has been replaced by DPG according to the new guideline. 9 In this study, we initially enrolled 13 HHT patients who met the hemodynamic criteria of PAH, with high mPAP, high PVR, and normal PCWP. However, four patients of this cohort had increased cardiac index (!4.0 L/min/m 2 ) 13 and three of the four patients had definite hepatic AVMs detected by abdominal CT. In order to exclude the possibility of PH induced by high CO, we decided to remove the four HHT patients with high cardiac index to get a pure HHT-PAH cohort. PAH was considered as a rare complication of HHT and its exact prevalence in the HHT population has not been elucidated. Sopen˜a et al. found that combining with PH could significantly reduce survival rates of HHT patients. 2 There are previous studies which reported the long-term survival of individual HHT patients with PH 17 or showed the survival of patients who had coexisting HHT and PH from any causes.
14 However, these studies did not report the survival rates of HHT-PAH patients. In this study, we found that the one-and three-year survival rates of HHT-PAH patients were 77.8% and 53.3%, respectively, which were much lower than the reported idiopathic/familial PAH survival rates by the REVEAL Registry study (the one-and three-year survival rates were 91% AE 2% and 74% AE 2%, respectively). 18 We then introduced a cohort of IPAH patients who matched with HHT-PAH patients on cardiac index, mPAP, PVR, PCWP, and WHO FC. Kaplan-Meier survival analyses between these two cohorts showed that HHT-PAH patients have a worse prognosis regardless of the same cardiopulmonary hemodynamic characteristics. By comparing the baseline characteristics of HHT-PAH and matched IPAH patients, we found that HHT-PAH patients had higher RRS, worse 6MWD, and larger RVAPD and RDW than matched IPAH patients. This explained why HHT-PAH patients had a worse prognosis on the one hand 9, 11, [19] [20] [21] and also indicated that HHT-PAH patients might have worse exercise tolerance, severe symptoms, and worse clinical condition even with the same cardiopulmonary hemodynamic characteristics as IPAH patients.
Another point we want to highlight here is that HHT-PAH patients had wider RDW and lower MCHC than matched IPAH patients and deceased HHT-PAH had lower D/TBil than survivors. These all suggested the possible existence of subclinical hemolysis in HHT-PAH, though the comparisons of hemoglobin, hematocrit, bilirubin, and lactate dehydrogenase (LDH) did not show statistical significances between these two groups. Over the last decade, there has been increasing interest in hemolysis as a potential cause of PH. Free hemoglobin, when released from the erythrocyte, reduces the bioavailability of nitric oxide (NO), and promotes endothelial dysfunction with thrombosis, inflammation, vasoconstriction, and smooth muscle proliferation in the capillaries. 22 Some studies have found that subclinical hemolysis plays important roles in the pathogenesis or pathophysiology of PAH 23, 24 and may be associated with the severity of pulmonary vascular disease and clinical outcomes. 22 Though it is not possible to determine from the current study whether the subclinical hemolysis present in HHT-PAH patients represents a cause, effect, or epi-phenomenon of the illness, we suggested that subclinical hemolysis might be a feature of the HHT-PAH phenotype. Additional tests of hemolysis, including RBC lifespan or half-life (the golden standard), plasmafree hemoglobin, reticulocyte counts, erythrocyte creatine, and haptoglobin, are still needed to further confirm the values of subclinical hemolysis in HHT-PAH. Besides that, wider RDW and lower MCHC in HHT-PAH patients also suggested iron deficiency, which is highly prevalent in PAH and HHT and is associated with worse disease severity and clinical outcomes. 13, 25 However, we did not measure markers of iron metabolism in this study.
Comparisons of baseline characters between survival and deceased HHT-PAH showed that non-survivors had lower D/TBil than survivors. Univariate and multivariate Cox proportional hazards regression analyses found that baseline TBil could predict the mortality of HHT-PAH patients independently, even after adjusting by age or SvO 2 or cardiac index or serum uric acid. So HHT-PAH patients with higher TBil indicated worse prognosis. We thought this was partially due to hemolysis and previous studies have also identified TBil as a predictive risk factor for both systolic and diastolic heart failure and PAH because of hemodynamic alterations, including elevated central venous pressure and decreased cardiac index; [26] [27] [28] therefore, the recognition of liver dysfunction as a reflection of end-organ damage in right heart failure should also be paid much attention in HHT-PAH patients. Even though there is no systematic evidence for the treatment of HHT-PAH at present, it seems rational to treat these patients with PAH-specific medication. Cases have reported the short-term or long-term effects of PAH-specific drugs (including bosentan, sildenafil, and epoprostenol) on HHT-PAH patients. It seemed that PAH-specific medication could improve the symptoms, exercise capacity, and cardiopulmonary hemodynamics of HHT-PAH patients. 7, 16, 29, 30 However, in this study, reassessments of four HHT-PAH patients after receiving long-term PAH-specific drugs did not show significant clinical improvement in every patient. Besides that, these patients did not undergo a second RHC after receiving longterm PAH-specific drugs, so post-treatment cardiac index and PVR were unavailable. Therefore, strictly designed randomized controlled trials and pre-and post-treatment RHCs are still needed. Our study had several limitations. First, this study consisted of patients referred to a single tertiary center, which may constitute a referral bias. Second, our center is a specialized hospital for cardiovascular diseases and all the recruited patients were suspected with PH, unknowing the diagnosis of HHT when they first came to us. Therefore, we cannot ascertain the exact prevalence of PAH in HHT. Third, gene mutation screening was not performed because of the expensive cost which was beyond most of the patients' affordability. Forth, detailed information of post PAH-specific drug therapy were only available in four patients, but no second RHC record. Consequently, we could not confirm the therapeutic effect of PAH specific drug on HHT-PAH patients. Fifth, the study population of HHT-PAH was limited and may reFect a relatively small sample of the entire HHT-PAH population. Given that PAH is a rare manifestation of HHT, with prevalence of < 1% of HHT cases, it may be challenging to conduct large-scale studies. Finally, important parameters of hemolysis, including red blood cell lifespan or half-life (the golden standard test), plasma-free hemoglobin, reticulocyte counts, erythrocyte creatine, haptoglobin, and parameters reflecting iron metabolism, were also needed to confirm the values of iron deficiency and subclinical hemolysis in HHT-PAH patients.
In conclusion, the one-and three-year survival rates of HHT-PAH patients were 77.8% and 53.3%, respectively, which were worse than matched IPAH patients. Total bilirubin might be a promising predictor for the long-term prognosis in HHT-PAH patients.
